Two dimensional temperature measurements of patterned wafers are presented. The measurements are made using a commercially available CCD camera operating at λ=900nm, yielding a spatial resolution of 1 pixel per mm² and a relative accuracy of ±0.25 °C. The emissivity is determined using a reflectivity measurement made possible by the unique properties of a short wavelength arc lamp RTP chamber. The use of this measurement system for closed loop control is discussed and the application to maintaining accurate time temperature profiles independent of emissivity is described.
INTRODUCTION
One of the long held goals of RTP is to provide accurate 2D temperature monitoring of wafers during processing. This capability was investigated using a conventional CCD camera in a unique RTP chamber design to measure temperature in situ.
Test wafers have been used to measure temperature distributions using oxide growth [1] or implant activation, however, these methods cannot be used on production. Additionally, both these methods offer only time averaged or peak temperatures not the time temperature profile. Instantaneous temperature measurements can be made by pyrometers, thermocouples and optical fibers. These methods are point measurements making 2D temperature measurements impractical.
A simple straightforward temperature measurement can be performed over the entire wafer at one time by imaging the wafer with a camera. The technique measures changing wafer emissivity using a reflectivity measurement and the thermal radiation from the hot wafer. This method is not easily realizable in multiple lamp, highly reflective process chambers however, by using a single short wavelength arc lamp in a "black" chamber [2] [3] such temperature measurements are straightforward. To this end, we have incorporated a CCD camera into a patented prototype RTP process chamber to measure the relative temperature distribution over the wafers, the results of which are reported below.
CHAMBER DESIGN
Appropriate design and the use of a single heating source allow a camera to be easily integrated into the RTP chamber. Our single source chamber has well defined radiation fields eliminating the complications introduced by multiple lamp, high reflectivity chambers.
Light from multiple sources make determination of incident light difficult and decreases precision of reflectivity measurements. Multiple reflections superimpose readings from other locations on the wafer and reduce spatial resolution. False readings from reflections are eliminated in a black chamber which does not return light to the wafer.
We have built such a "black" chamber with a single lamp [3] . The new design has the added benefit of a clear view of the entire wafer during processing. The chamber is black (5% reflective walls) and does not rely on returned power to maintain temperature. Since a hole in the chamber wall is equivalent to black, a camera view port in the bottom of the chamber does not affect uniformity and allows an unobstructed view of the entire wafer. An additional view port was added above the chamber so that images of the topside of the wafer can be obtained.
Wafer temperature is determined using a 240 by 750 pixel CCD camera giving approximately 1 pixel per mm 2 . The emissivity is found by reflecting arc radiation off the wafer.
Confusion between the reflected component and the part from the hot wafer is minimal since the arc lamp in our system provides 50 times more intensity at the chosen wavelength of camera operation, λ=900nm, than the wafer does at 1050°C. Thermal radiation is measured by taking a picture while the lamp is off. This can be done without cooling the wafer by using the fast response time of the arc lamp. The lamp can be turned off and back on in 1 msec, during which a picture of the glowing wafer can be taken. By taking images with the arc on and then off real time 2D temperature profiles of the wafer being processed can be obtained.
THEORY
The wafer temperature, T, is calculated using the emission from a gray body: The wavelength can be accurately selected by placing an interference filter in front of the camera. We chose to work at λ=900nm where the wafer is opaque. The emissivity of an opaque wafer is inferred from the reflectivity,
The reflected light is measured directly by the CCD camera, the incident light can be calibrated before hand or determined by reflection off a reference.
The 10 bit CCD camera can measure thermal radiation from the wafer to give relative temperature measurements within ±0.25°C. Emissivity measurements within 1% give absolute temperature to within ±3°C at 1050°C.
EXPERIMENTS
Our aim is to prove that 2D temperature measurements can be performed with a CCD camera. The method is demonstrated by analyzing pictures taken while the arc is on for reflectivity and using this reflectivity to determine temperature from pictures taken just after the arc is turned off while the wafer is still hot. Ideally, the reflectivity should be measured just before the arc turns off while the wafer is at the temperature the image of the glowing wafer is taken at. Since the emissivity of Silicon is not a strong function of temperature at λ=900nm [4] performing the reflectivity measurement at low temperature will not appreciably affect relative temperature measurements. The reflectivity measurement was performed when the lamp was turned on while the wafer was cold. The lamp was kept at constant power output for 30 sec then turned completely off. Within milliseconds an image of the hot wafer was taken (very little chance to cool). The emissivity is determined using equation (3) and the reflection picture. The incident radiation is obtained from an image of the arc in a mirror mounted in the chamber beside the wafer. The temperature of the wafer is determined using equation (2) . The reference used is the center of the wafer. At this stage we wish to demonstrate the principles involved so the measurements here are relative to the center of the wafer which was at 880°C based on energy input considerations. A black body source will be added in the future to provide an absolute temperature reference.
A wafer with exaggerated emissivity variations was supplied by AST for these experiments. The wafer is similar to that used in [1] . The 150mm wafer has a checker board pattern with 20×20mm squares of alternating bare Si and 1000 Å film of Si 3 N 4 . The wafer was run without any guard ring in place both with the patterned side towards the arc and patterned side away from the arc
RESULTS
In the first run the wafer was placed in the chamber with the backside facing the lamp. This configuration allowed us to measure the wafer temperature off the backside without large emissivity variations. Knowing the temperature, an image of the topside of the wafer provided the ratio of emissivities between the bare silicon and the Si 3 N 4 film.
The image of the backside did not show any patterning in the intensity distribution. Therefore, the wafer temperature was independent of the film. This is expected since total emissivity determines energy loss. Because the temperature is uniform the observed intensity difference seen on the patterned side of the wafer was due to the emissivity difference of the pattern at 900nm. The image of the patterned side and resulting intensity distribution are shown in figure 1 . The camera values are directly proportional to intensity. For bare silicon the camera value was 280 and for the film 375 against a background of 36. Using these values in equation (3) the relative emissivity was found to be ε film /ε Si =1.389. This was verified in the next experiment with the patterned side facing the lamp. The patterned wafer was placed in the chamber with the pattern facing the lamp in view of the camera as shown in figure 2 . The emissivity of the two different parts was determined using a reflectivity measurement when cold. The reference for the incident intensity can be seen in the picture as an image in a mirror in the bottom corner of the picture. The camera read a background level of 23, 348.6 for silicon and 31.7 for the film coating (averaged over small areas). From this the emissivity of bare silicon was found using (3) to be 0.71 and for Si 3 N 4 film coatings 0.99. These emissivities were used to calculate the temperature in a trace through the center of the wafer the results of which are shown in figure 3 . From this, we see that the temperature difference at 880°C is approximately 14°C. Using the same peak temperature the temperature difference found from an image of the backside showed the same temperature difference (see figure 4) . The emissivities determined by the reflection measurement (0.99/0.71 = 1.394) agree with the ratio of emissivities found from the first experiment (1.389) to within 0.5%. Therefore we can determine the emissivity from reflection measurements. The emissivities and camera measurements yielded a temperature measurement which is consistent with temperature distributions computed form images of the backside where emissivity variations are minimal.
The results from these experiments demonstrates the feasibility of a practical closed loop control that maintains temperature independent of emissivity. This experiment measured the reflectivity of a cold wafer and thermal radiation from the wafer after the lamp was turned off. Analyis of data from these experiments show that measurements can be taken during the entire process cycle in a production system. This can be done without cooling the wafer by using the fast response time of the arc lamp. The lamp can be turned off and back on in 1 msec, during which a picture of the glowing wafer can be taken. By taking images with the arc on and then off real time 2D temperature profiles of the wafer being processed can be obtained. Algorithms can be developed to rapidly extract reflectivity and wafer thermal radiation measurements provide the required feedback control.
CONCLUSIONS
Temperature measurements have been taken on a wafer with a checkerboard pattern of Si 3 N 4 and bare silicon. Emissivity measurements based on thermal radiation from the wafer agreed well with measurements using light reflected from the wafer. Experimental results show that this method is capable of measuring relative temperature distributions within ±0.25°C and absolute temperatures within ±3°C.
We have demonstrated the ability to measure 2D temperature distributions on a wafer. The application to real time feed back within our short wavelength RTP chamber is realizable.
